Many in silico predictors of genetic variant pathogenicity have been previously developed, but there is currently no standard application of these algorithms for variant assessment. Using 4,094 ClinVarcurated missense variants in clinically actionable genes, we evaluated the accuracy and yield of benign and deleterious evidence in 5 in silico meta-predictors, as well as agreement of SIFT and PolyPhen2, and report the derived thresholds for the best performing predictor(s). ReVeL and BayesDel outperformed all other meta-predictors (cADD, MetaSVM, eigen), with higher positive predictive value, comparable negative predictive value, higher yield, and greater overall prediction performance. Agreement of Sift and PolyPhen2 resulted in slightly higher yield but lower overall prediction performance than REVEL or BayesDel. our results support the use of gene-level rather than generalized thresholds, when genelevel thresholds can be estimated. Our results also support the use of 2-sided thresholds, which allow for uncertainty, rather than a single, binary cut-point for assigning benign and deleterious evidence. the gene-level 2-sided thresholds we derived for REVEL or BayesDel can be used to assess in silico evidence for missense variants in accordance with current classification guidelines.
In silico prediction of variant pathogenicity is one of the eight evidence categories recommended by the American College of Medical Genetics and American College of Pathologist (ACMG/AMP) guidelines 1 . Many in silico algorithms have been developed to predict the degree of sequence conservation and functional impact of missense variants, each of which generates a score based on tolerance to variation. Assessment of in silico evidence based on the observed concordance of multiple scores yields a high rate of discordant predictions, even among well-classified variants, suggesting that such an approach is not ideal 2, 3 . Recently, several in silico meta-predictors have been developed from analyses of multiple individual scores, and have demonstrated superior performance to that of individual predictors, although robust, systematic comparison of these approaches is lacking [4] [5] [6] . Furthermore, in silico meta-predictors have primarily been trained on large numbers of variants selected from genome-wide data. Yet, variants from same gene share common features and gene-level transcription facilitates the events that drive the development and progression of disease, as well as response to therapy 7 . Global applications of in silico scores may result in a large number of false predictions as a one-size-fits-all approach 8, 9 , but gene-level thresholds for assessing benign and deleterious evidence are unavailable, in practice. In addition, while many algorithms recommend binary thresholds for assessing in silico evidence, clinical recommendations based on thresholds for "likely benign" and "likely pathogenic" are 2-sided 10 .
Given the wide variety of in silico algorithms and approaches available, there is currently no standard application of these tools for variant assessment; many laboratories use different tools and thresholds for evidence of pathogenic or benign classification 11, 12 . As such, the 2015 ACMG/AMP guidelines assign only a supporting level of evidence to in silico predictions 1 . In this study, we aimed to assess in silico evidence for pathogenicity of missense variants using gene-level and generalized (all genes combined) 2-sided thresholds, compare prediction performance among 5 commonly used meta-predictors, and identify the thresholds corresponding to the meta-predictor(s) with the best overall prediction performance that can be used to assess in silico evidence in accordance with the ACMG/AMP guidelines. Gene-level and generalized thresholds. To derive gene-level thresholds for the 20 genes with ≥10 B/LB and ≥10 P/LP variants, we fit models using Firth logistic regression 18 for variants within each gene. Firth logistic regression was used to ensure model robustness under the scenarios of separation or sparse benign/likely benign and pathogenic/likely pathogenic outcomes 19, 20 . Gene-level 2-sided thresholds for in silico evidence were derived at the predicted probabilities 0.2 and 0.8, respectively. These predicted probabilities were projected from the regression model, depend in part on the proportion of pathogenic variants in the dataset constructed, and were not based on estimation in any patient population; the probabilities were chosen to achieve ≥90% overall predictive accuracy for most meta-predictors. Thus, in silico data was assessed for benign evidence, deleterious evidence or no evidence using gene-level thresholds for the 20 genes. For comparison of gene-level thresholds to those estimated with a broader approach aggregating variation across all genes, we further estimated generalized thresholds for the 20 genes using Firth logistic regression and predicted probabilities, as outlined above. Moreover, there were 46 genes for which gene-level thresholds were not estimable, primarily due to lack of sufficient numbers of B/LB or P/LP classified variants for analysis. As an exploratory analysis, we further derived generalized thresholds for the combined set of 66 genes, using the methods described above. For all analyses, variants with missing scores were assigned no evidence for the corresponding in silico predictor. To assess the robustness of the gene-level thresholds we derived for benign and deleterious evidence, we estimated 90% confidence intervals (CI) from 10,000 bootstrapping replicates stratified by classification status.
cross-validation and sensitivity analysis. To account for potential overfitting, the predictive performance of each meta-predictor was evaluated using leave-one-out cross-validation, in which the assigned evidence was compared to the B/LB and P/LP status from ClinVar consensus classification. Performance statistics were evaluated using positive predictive value (PPV), negative predictive value (NPV) and yield rate (YR). YR was defined as the proportion of variants received benign or deleterious evidence among all evaluated variants. To assess the joint performance of accuracy and yield, we computed overall prediction performance (OPP), defined as the root mean square of PPV, NPV and YR, i.e., OPP
. Differences in PPV, NPV, or YR between predictors were each tested by Fisher's exact test. Differences in OPP were tested by a Monte Carlo permutation test with 10,000 permutations that each randomly exchanged all assigned evidence among comparator predictors. Performance statistics for gene-level and generalized thresholds using 20 genes are shown in Table 1 . For the meta-predictor demonstrating the highest OPP statistic, we report the optimized gene-level thresholds in Table 2 . As an exploratory analysis, performance statistics for generalized thresholds using all 66 genes were also compared to those obtained using a combination of gene-level and generalized thresholds, and are provided in Supplementary Table S5 .
In an effort to minimize the overlap of variants included in this analysis and those used to train any of the 5 meta-predictor models, we also performed a sensitivity analysis in 20 genes to assess meta-predictor performance among only those variants evaluated by all submitters in ClinVar during the period from September 2015 to August 2017.
Alternative methods. For comparison, we evaluated the performance of in silico prediction using generalized thresholds from a combination of 20 genes and that of SIFT/PolyPhen2 agreement (Table 1) . Evidence for SIFT/PolyPhen2 agreement was assessed as deleterious if SIFT < 0.05 and PolyPhen2 = "possibly/probably damaging", or benign if SIFT ≥ 0.05 and PolyPhen2 = "benign". All analyses were conducted with R for Statistical Computing version 3.3.3.
Results evidence assignment using gene-level and generalized thresholds. Using gene-level thresholds, REVEL and BayesDel achieved the highest OPP, 0.907 and 0.908, respectively (Table 1) . Compared to CADD, MetaSVM, and Eigen, predictions using REVEL had equivalent NPV (−0.6% to 1.1% relative change, all p > 0.33) and improved PPV (1.3% to 3.2% higher, all p < 0.28), YR (1.5% to 10.6% higher, all p < 0.37) and OPP (0.6% to 4.1% higher, all p < 0.60) ( Table 1 ; Fig. 1 ). Like REVEL, BayesDel outperformed CADD, MetaSVM, and Eigen. REVEL and BayesDel had nearly equivalent PPV, NPV, YR and OPP (all p > 0.44 for differences between the (2019) 9:12752 | https://doi.org/10.1038/s41598-019-49224-8 www.nature.com/scientificreports www.nature.com/scientificreports/ two). For each of 5 meta-predictors in 20 genes, evidence assignment using gene-level thresholds consistently outperformed that of generalized thresholds (2.2% to 5.9% higher OPP, all p < 0.09) ( Table 1) . While REVEL and BayesDel were concordant for 86.4% of variants and similarly outperformed the other meta-predictors, they did not agree on assigned evidence for 13.6% of variants; 6.6% were better predicted with REVEL and 7.0% with BayesDel (Supplementary Table S4 ). www.nature.com/scientificreports www.nature.com/scientificreports/ Similar trends in prediction performance were observed for thresholds estimated across 66 genes compared to the 20-gene analysis. Using a combination of gene-level and generalized thresholds, REVEL and BayesDel achieved higher OPP than those of CADD, MetaSVM and Eigen (0.8% to 9.7% higher, all p < 0.32) (Supplementary Table S5 ). REVEL and BayesDel were discordant on assigned evidence for 14.5% of variants, roughly half of which were better predicted with REVEL and half with BayesDel (Supplementary Table S6 ).
evidence assignment by alternative methods. Our 20 -gene analysis also demonstrated that evidence assigned using REVEL or BayesDel gene-level and generalized thresholds each had consistently better prediction performance than those derived using SIFT/PolyPhen2 agreement (Table 1) . Evidence assigned using REVEL vs. SIFT/PolyPhen2 agreement was concordant for 1,463 (68.0%) variants (Supplementary Table S7 ). Among the 690 variants for which evidence assignment was discordant, use of thresholds based on SIFT/PolyPhen2 agreement resulted in 27.5% false positives/negatives, in contrast to REVEL's 4.6% false positives/negatives. Proportions of true and false predictions similarly favored BayesDel over SIFT/PolyPhen2 agreement (Supplementary Table S8 ). Using REVEL or BayesDel thresholds achieved 4.9% or 5.6% more correct predictions than SIFT/PolyPhen2, respectively (Supplementary Tables S7 and S8 ). Comparisons of REVEL or BayesDel with SIFT/PolyPhen2 agreement for all 66 genes yielded similar results (Supplemental Tables S9 and S10). Using REVEL or BayesDel thresholds yielded 12.4% or 11.7% more correct predictions than SIFT/PolyPhen2, respectively.
Sensitivity analysis.
To assess the impact of classified variants that may overlap between meta-predictor training datasets and our evaluation dataset, we validated the prediction performance of 5 meta-predictors in a subset of 870 missense variants in 20 genes that were unlikely to have been previously used in the training datasets of meta-predictors. Similar to the results observed in the full dataset, REVEL and BayesDel had nearly identical performance statistics, and both had higher OPP than CADD, MetaSVM and Eigen (0.8% to 5.6% higher, all p < 0.68) (Supplementary Table S11 ).
thresholds for assigning in silico evidence. Gene-level 2-sided thresholds of REVEL and BayesDel scores for assessment of benign and deleterious in silico evidence in missense variants are provided in Table 2 . A single, binary cut-point of 0.5 and 0 is often used for REVEL and BayesDel, respectively, to distinguish pathogenic evidence from benign 2 . However, our derived thresholds for benign evidence were above these cut-points for several genes (Fig. 2) . For both REVEL and BayesDel, there was substantial variation among thresholds across genes, highlighting the importance of using gene-level thresholds whenever possible. In addition, the 90% CI for gene-level benign and deleterious thresholds were non-overlapping in all except one gene (NSD1, REVEL-based thresholds only), supporting the robustness of gene-level thresholds (Supplementary Table S12 ; Fig. 2 ).
While these findings support the use of gene-level thresholds for in silico evidence, many clinically actionable genes currently lack a sufficient number of classified variants for gene-level analysis. Given the NPV, PPV, and OPP for generalized thresholds are high (all >90%; Supplementary Table S5), and their prediction performance is superior to that of SIFT/PolyPhen2 agreement, generalized thresholds derived from the full set of 66 genes and their 90% CI are also presented (Supplementary Table S12 ). For REVEL, the 90% CI estimated for generalized thresholds for benign and deleterious evidence overlap with those estimated at the gene-level for 7/20 and 8/20 genes, respectively. For BayesDel, overlapping 90% CI for generalized and gene-level thresholds indicating benign or deleterious evidence were observed for 9/20 and 7/20 genes, respectively. We note that for REVEL, the generalized threshold's 90% CI estimated for benign evidence overlaps with that estimated for gene-level pathogenic www.nature.com/scientificreports www.nature.com/scientificreports/ evidence for 2 genes (MYBPC3 and NSD1) ; likewise, the 90% CI around the generalized threshold estimated for pathogenic evidence overlapped with that estimated for gene-level benign evidence for 1 gene (TSC2). No overlap between the generalized threshold's 90% CI for benign evidence and CIs estimated for gene-level pathogenic evidence was observed for any genes using BayesDel, however, the 90% CI around the generalized threshold for pathogenic evidence overlapped with that for gene-level benign evidence for TSC2.
Discussion
In this study, we evaluated and compared the performance of 5 well known meta-predictors often used for in silico assessment in variant classification. Our results were consistent with studies that found meta-predictors better assessed variant pathogenicity than concordance of individual predictors 2,4-6 . Our findings suggest that REVEL and BayesDel outperform the other 3 meta-predictors (Fig. 1) . We also observed superior performance of gene-level thresholds compared to generalized thresholds. When evaluated on a gene-by-gene basis, REVEL and BayesDel achieved the highest OPP. In addition, sensitivity analysis in a subset of missense variants unlikely to have been included in the training datasets of the meta-predictors yielded similar results.
The strengths of our approach include generation of gene-level thresholds for variant assessment in 20 clinically actionable genes, and comparison to generalized thresholds estimated from a broader set of 66 such genes. Both gene-level and generalized thresholds yielded NPV, PPV and overall performance statistics ≥90%, and whether estimated from REVEL or BayesDel, both outperformed SIFT/PolyPhen2 agreement. However, our results also demonstrated improved prediction performance when assigning in silico evidence using gene-level thresholds compared to generalized thresholds, which highlights the importance of gene-specific assessment of variant pathogenicity 21 . We further observed wide variation in gene-level thresholds, and that the 90% CI around the generalized thresholds overlapped with those of the gene-level thresholds for <50% of the 20 genes examined in this study. Taken together, our findings support the use of gene-level thresholds for clinical variant assessment, when available.
An additional strength of our approach is the use of 2-sided thresholds for evidence assignment, as opposed to the current binary thresholds recommended for meta-predictors such as REVEL and BayesDel 2 . The use of 2-sided thresholds for evidence assignment is a data-driven solution to the problem of uncertainty; a single threshold necessarily assigns evidence to all variants but at the cost of high false positive or false negative rates. However, we acknowledge the trade-off between accuracy and yield, as thresholds quantified from Firth logistic regression models may be overly conservative in protecting against false predictions at the expense of the proportion of variants for which benign or pathogenic evidence can be assigned. Future methods development may include non-linear models or a weighted mechanism for adaptive balance between accuracy and yield designed to improve the overall performance of evidence assignment.
Our findings are based on the use of ClinVar-curated variants, a rapidly growing database with confidently annotated disease-causing alterations, as a training set to calibrate in silico scores on a gene-by-gene basis. In view of potential circularity issues arising from the testing of variants available in ClinVar that may have been previously used to train the meta-predictors we analyzed in the present study, we performed a sensitivity analysis to assess the impact of these variants. However, we were precluded from fully accounting for all such variants due to the fact that some of the variants included in our sensitivity analysis may have been deposited in ClinVar prior to 2015 and/or included in HGMD or ExAC at the time the models were developed. Nonetheless, our sensitivity analysis results were consistent with those of the larger analysis based on the full set of variants. 
